Anomalous recombination between two similar but nonidentical, naturally occurring penicillinase plasmids, pI258 and pI524, leading to duplication and deletion of the /8-lactamase locus, is described. Physical mapping of these plasmids by heteroduplex and restriction analysis revealed that the fl-lactamase loci were homologous and in inverted orientation with respect to one another and that their respective locations were separated by a short region of homology. This intervening region of homology included one copy of a segment that was repeated on pI524 in inverted orientation at a distance of 2.2 kilobase pairs and contained a recognition sequence for a site-specific, rec-independent recombination function that caused reversible inversion of this segment on pI524. It is proposed that sitespecific, intermolecular recombination involving this repeated sequence was responsible for the observed results.
For most plasmid genomes, the only obligatorily conserved region is that involved in maintenance, incompatibility, and replication. Genetic sequences external to this region are free to undergo such genetic rearrangements as deletions, inversions, insertions, and duplications without compromising the hereditary stability of the plasmid. Indeed, a survey of the relevant literature reveals the occurrence of closely related plasmids that differ from one another by localized differences in genetic and structural organization that are presumably the consequence of rearrangements that must have taken place during the course of evolution of these plasmids (8, 11, 30) . Moreover, the identification and characterization in recent years of transposons and insertion sequences have revealed what may be a major cause of such localized rearrangements and, therefore, a major source of genomic plasticity among procaryotes.
Transposons and insertion elements create new gene sequences by inserting at nonhomologous locations and also serve as foci for the occurrence of secondary rearrangements such as deletions and inversions (10, 24, 27 ; for reviews see references 2 and 9). These various events are mediated by site-specific recombination systems that do not depend on extensive base sequence homology or on generalized recombination (rec) systems and are often encoded by the elements themselves.
When closely related genomes that have undergone such rearrangements undergo homologous recombination, additional rearrangements are to be expected, especially deletions and duplications. In this connection, we have recently had occasion to reexamine the results of a series of earlier experiments in which deletions and duplications of the /8-lactamase determinant arose as a consequence of recombination between two closely related naturally occurring penicilhinase plasmids, pI524 and pI258. Detailed restriction-deletion maps of pI258 and pI524 have been reported previously (12, 20) and are summarized in Fig. 1 . These plasmids share an apparently invariant region of at least 8.4 kilobase pairs (kb) extending from about 7 to 11 o'clock on their respective maps; this region is common to a large number of penicillinase plasmids of incompatibility groups I and II (19, 20; Z. Shalita, E. Murphy, and R. Novick, manuscript in preparation). In other regions, there are areas of homology interspersed with regions of nonhomology, some of which involve known genetic determinants. Two striking differences between pI258 and p1524 are the possession by pI258 of a 5.2-kb transposon, Tn551 [Em] (19) and the presence on pI524 ofan invertible region, 2.2 kb in length, that is adjacent to the ,B-lactamase (bla) locus. This invertible segment is flanked by a pair of inverted repeats (IR) 650 base pairs in length (12 Markers are as follows: blaI and blaZ, /8-lactamase inducibility and structural loci, respectively; asa, asi, and ant, resistance to arsenate, arsenite, and antimony ions, respectively; ermB, resistance to erythromycin; incl, repA, and ori, incompatibility, plasmid replication control, and origin of replication, respectively; merA, mercuric reductase; merB, organomercurial hydrolase; cad, bis, and lea, resistance to cadmium, bismuth, and lead, respectively. Markers within parentheses have not been ordered with respect to one another. The order of blaI and blaZ with respect to the outside markers cad and asa was determined for pI258 by standard three-point crosses (20, 21) ; based on the results presented in this paper, blaI and blaZ ofpI524 are shown in the opposite order relative to cad and asa. Numbers on the outer circle are kb coordinates reading clockwise from the unique BamHI site at 8 o'clock. Symbols represent restriction endonuclease sites: -*, EcoRI; -0, BglII; -O, HpaI; -*, XbaI; -OLZ BamHI. The locations of some of these sites differ by up to 0.2 kb from those previously reported (12, 20) . Q108 indicates the location of the Tn551 insertion in pRN4007. The IR sequences associated with the pI524 invertible region and the homologous sequence on pI258 (see text) are indicated by heavy arrows on the outermost circle. The invertible HpaI, XbaI, and BglII sites of pI524 (kb coordinates 10.6, 10.9, and 11.5, respectively) are indicated as they are found in the (+) orientation of the inversion. The inner circles represent the fragmentation maps with EcoRI and BglII, respectively; the dotted line in the BglII fragment map indicates the position of the asymmetric site in the (-) orientation.
of homology that contains one of the IR sequences that flank the invertible region of p1524 (12) .
MATERIALS AND METHODS
Organisms and culture procedures. The staphylococcal strains and plasmids used in this study are listed in Table 1 . In general, the nomenclature follows the recommendations of Demerec et (3) . Culture media and culture conditions were as previously described (17, 20) . Transduction was with phages 80a and 4)11 and was carried out as described previously (15) . Genetic crosses were performed by transduction either with single selection for a donor plasmid marker or with double selection for donor and recipient markers as described previously (15, 20 (7) . Plasmid DNA was prepared for denaturation and subsequent renaturation by digestion with BamHI, for which there is a single site on both p1258 and pI524 (kb coordinate "0"; Fig. 1 ) (12) . Electron microscopic analysis was performed as described by Davis et al. (5) . Fig. 2 are shown typical heteroduplexes between pI524 and p1258. There were three regions of nonhomology: the Tn551 insertion in p1258; the region surrounding the invertible segment of pI524; and a region near the BamHI site, in which p1524 possessed an insertion (relative to pI258) that appeared to have some intemal, if imperfect, homology, as some amount of intramolecular pairing is usually observed in single-stranded and homoduplexed p1524 DNA (12) .
RESULTS In
Focusing on the f,-lactamase region, we observed two different structures involving the pI524 invertible segment region. Type I (Fig. 2a) contained an unequal-armed substitution loop; the longer arm (7.1 kb) had a stem loop (labeled inv in Fig. 2a ) that corresponded to that previously identified for pI524; the shorter, p1258 arm (4.4 kb) had no specific secondary structural features. In type II molecules (Fig. 2b) , this large substitution loop was replaced by a smaller substitution loop (a, b) and an insertion loop (c), separated by a short region of homology (d). The 5.9-kb insertion loop (c) and the 3.4-kb arm of the substitution loop (b) could be assigned to pI524 and p1258, respectively, on the basis of size; the small (0.2-kb) arm of the substitution loop (a) must therefore have been derived from pI524. This single-stranded region corresponded in size and position to the single-stranded DNA preceding the pI524 stem loop in type I molecules; therefore, the intervening homologous region in type II duplexes must have included the left IR sequence associated with the inversion of pI524. pI258 must therefore have contained a copy of this sequence.
It should also be noted that as the two bla genes encode the same enzyme (23, 25) , their DNA should be homologous; however, we did not observe any heteroduplexes that could be interpreted as showing them paired. Therefore, it is probable that the bla genes of p1258 and of p1524 are in opposite orientation to one another. heteroduplexes. pI524 and p1258 DNA were digested with BamHI, denatured, and reannealed, as described. ColEI was used as a molecular weight standard. Magnification, x20,000. Line drawings illustrate the features of these heteroduplexes; numbers are kb coordinates on the p1524 (lightface type) and pI258 (boldface type) maps (see Fig. 1 Genetic crosses between p1258 and pI524. In Table 2 are the results of several crosses involving pI524 and pI258. These are incompatible plasmids, and, ordinarily, upon single selection for a donor marker, about 90% of the transductants have the donor plasmid only, and about 10% have recombinant plasmids (22) . In crosses I and II, selection was for the pI258 erythromycin (Em) resistance marker (ermnB), and recombinants involving ,8-lactamase were identified by staining the transductant plates. Approximately 10% of the Emr transductants had acquired the bla determinant of the resident (pI524) plasmid and 90% were donor types. A total of 13 transductants appeared to have both bla determinants on a single plasmid. These were phenotypically BlaI+ BlaZ+ and, in subculture, gave rise to rare segregants that appeared to be of one or the other parental bla type. Several of these were assayed for penicillinase production and induction in comparison with the parental plasmids. The results (not shown) indicated that the two parental bla regions were clearly recoverable among the segregants. This suggested that the two bla loci were present on a single plasmid. These plasmids with the duplicated bla were originally thought to be cointegrates (14) ; the molecular studies described below showed that in fact they consisted essentially of the pI258 genome with the addition of a short region of pI524, including its bla determinant and the adjacent invertible segment.
In crosses III and IV ( Fig. 3A. ried the repA2 allele (34), which makes it quite unstable, even at 320C; single selection for the donor usually resulted in essentially 100% displacement.
In these crosses, a large proportion of the recombinants obtained had no bla determinant whatsoever. A number of these recombinants were assayed for penicillinase and found to produce no detectable enzyme (<10-3 U/mg); nor could they revert with detectable frequency (<10-10) to bla+. Several were tested with a compatible blaI plasmid and found not to produce a functional blaI product, which is known to be trans dominant (27) . It is therefore clear that in these recombinants the entire bla determinant was eliminated: molecular studies (see below) showed that these were, indeed, deletions.
It is noteworthy with respect to both cross I and cross II that recombinants resulting from crossovers within the bla regions (i.e., between blaI and blaZ) were never found. This is a very different result from that obtained either with homogenic pairs or in crosses between pI258 and pII147 (20, 21, 31) , in which such recombinants were sufficiently frequent to permit mapping of the blaI and blaZ cistrons with respect to outside markers. Therefore, the lack of recombinants from crosses I and II cannot have been due to the size of the bla region. Since the /3-lactamase enzymes encoded by pI524 and pI258 are, as noted, apparently identical (23, 25), we infer that the structural genes are also identical and that the absence of recombination between them must result from a structural constraint that is unrelated to the primnary nucleotide sequences.
A schematic representation of recombination between pI524 and pI258, based on the type II heteroduplex, is shown in Fig. 3 . Recombination near the bla locus was limited to crossovers at position (a), producing deletions (Fig. 3A) or duplications (Fig. 3B) , depending on the selection and arrangement of outside markers, whereas recombination within the bla loci did not occur. The relatively low frequency of duplications generated in crosses I and II (3% of recombinants) was a consequence of the requirement that the second crossover occurred between bla and ermB, a distance of about 3 kb. To account for the bla deletions of crosses III and IV, we suggest that the second crossover may have occurred anywhere between ermB and cadA, a region containing homologous sequences of at least 12 kb and including the repA locus, which was assorted among the recombi- Fig. 2b (type II). (A) generation of bla deletions; (B) production of bla duplications. The bla loci were assigned to nonhomologous loops. Potential crossover points are indicated by the letters (a) through (e); these points are not intended to be exact positions but are indicated in proper relationship to pairs of markers and to the recognition sites for EcoRI (0) and BglII (0). When one of the crossovers takes place within the short homologous region separating the locations ofthepI258 andpI524 bla loci (a), deletions (A) or duplications (B) ofthe ,8-lactamase deterninant will be generated, depending on the arrangement of the outside, selected marker(s). If neither of the two crossover events occurs at (a), recombinant plasmids will be of one or the other parental bla type. In (A), the dotted lines indicate the recombination events thatproducedpRN4027 (cross III, Table 2 ). A crossover at (d) instead of (c) would be responsible forpRN4028. In (B), the dotted lines show the generation ofpRN4024 and pRN4026 (crosses I and II, Table 2 ). bla genotypes appearing among the progeny of a particular cross will be dependent upon the choice and arrangement of the outside, selected markers. Thus, bla deletions, but no duplications, will be expected among the CdF Asr progeny of a cross between pI524 asa-59 and pI258 cadA52. The reciprocal cross p1524 cadA98 x pI258 asa-33 is expected to produce duplications at the same frequency, as both crosses require recombination events at positions (a) and (b) (Fig. 3) . Accordingly, we performed these crosses with suitably marked plasmids; photographs illustrating the typical appearance of colonies of primary transductant clones, stained for /8-lactamase activity, are shown in Fig. 4 . Deletions of bla were evident among the colonies (Fig. 4a) in that penicillinase-negative sectors were present even in the presence of inducer. blaI+Z+ sectors arising in the reciprocal cross (Fig. 4b) were taken as presumptive evidence of bla duplications; they were not further analyzed.
Restriction analysis of recombinant plasmids. Analysis of recombinants between partially homologous genomes by restriction endonuclease digestion can often pinpoint with considerable precision the location of crossover points with respect to restriction sites (see, for example, reference 29). Accordingly, we compared restriction digests of the various recombinant and parental plasmids; some of these results are illustrated in Fig. 5 . Two plasmids not derived from the crosses described here were included for comparative purposes. pRN4004 is a product of homologuos recombination between pI524 and pI258 and consists essentially of the p1524 genome with an insertion into pI524 fragment EcoRI-A of a pI258 segment including Tn551 (20, 21) Consider first the two plasmids with bla deletions, obtained in cross III. One of these, pRN4028, was identical to pI258 except for a deletion of about 3.2 kb. Crossovers at points (a) and (d) (Fig. 3) would produce this pattern. An examination of the digests of pRN4027, a repA2 recombinant, showed that although this plasmid more closely resembled the pI524 parent, as expected, it contained EcoRI and BglII recombinant fragments that were indistinguishable from those of pRN4028. In addition, pRN4027 contained a second EcoRI recombinant fragment that was equivalent to the EcoRI-A:: Tn551 fragment of pRN4004. Neither pRN4027 nor pRN4028 contained the invertible region of p1524.
Two plasmids with bla duplications, one from cross I and one from cross II, were found to be identical to one another. The EcoRI digests of pRN4024 and pRN4026 resembled those of pI258, except that the 7.0-kb EcoRI-B fragment of pI258 had been replaced by a recombinant fragment of 12.9 kb (barely resolved from pI258 EcoRI-A). This recombinant fragment carried the invertible region of pI524, as shown by the replacement of p1258 BglII-A with four inversion fragments, all present in approximately half-molar quantities. The large pair was identified as the BglII-A/A'::Tn551 inversion fragments of pRN4004. The smaller pair, 8.3 and 7.4 kb, must have been derived from the inversion fragments BglII-D and -D' of pI524 by the addition of about 3.2 kb corresponding to the pI258 bla locus.
Heteroduplex analysis of bla duplcations. If the bla regions of pI258 and p1524 are, in fact, homologous but in opposite orientations, then in the recombinant plasmids with bla duplications there should be intramolecular pairing of these sequences. This possibility was tested by an electron microscopic study of pRN4024 homoduplexes formed by denaturation and selfrenaturation and of heteroduplexes between the recombinant and parent plasmids (Fig. 6) . In each case, two types of duplexes were formed: molecules with short (0.6-or 1.0-kb) stem loops, and those with long stem loops, ranging from 2.4 to 3.8 kb. All of the structures observed were, in fact, interpretable on the basis of the structure for pRN4024 suggested by Fig. 3 , namely, that this plasmid possesses an inverted duplication of the entire bla locus as well as (and adjacent to) the 0.6-kb IRs associated with the invertible region of pI524. pRN4024 homoduplexes. In Fig. 6a is an example of a pRN4024 homoduplex showing paired stem loops with lengths of 0.6 kb; these correspond to those seen in pI524 homoduplexes (12) . The left arm (that which did not contain the Tn551 insertion loop) of this duplex was 3.2 kb larger than the corresponding arn of pI524 homoduplexes. That this insertion consisted of the pI258 bla region, in inverted orientation relative to the pI524-derived region, was shown by the formation of homoduplexes exhibiting longer regions of intramolecular pairing such as the molecule shown in Fig. 6b . This molecule had a stem of 3 kb; the flanking duplex arns were each 3 kb shorter than in Fig. 6a . A singlestranded molecule containing an IR of 3.4 kb is also visible in Fig. 6b . Both of these molecules exhibited the structure predicted for intramolecular pairing of the duplicated bla regions of pRN4024. pRN4024 x pI258 heteroduplexes. Typical heteroduplexes are shown and interpreted in Fig. 6c and d Pairing of the bla loci may have been intermolecular (Fig. 6c) When the duplicated bla regions of pRN4024 were paired intramolecularly, a long stem loop analogous to those observed in pRN4024 homoduplexes was formed; the pI258 bla-IR region remained unpaired (Fig. 6d) . pRN4024 x pI524 heteroduplexes. As with the other duplexes, there are at least two alternative pairings by which duplex formation may have occurred. Intermolecular pairing resulted in molecules of the type shown in Fig. 6e . Intramolecular pairing involving the duplicated, inverted bla regions of pRN4024 produced long stem loops analogous to those shown in Fig. 6b and d.
The stem loops seen in these and the other duplexes were rather variable in length and were shorter than would have been expected if the entire 4.4-kb pI258 bla region (including its IR sequence) were homologous to the corresponding region of p1524. This suggests that the pI258 bla region contained DNA that was not homologous to pI524. Such nonhomologous DNA was seen as short, unpaired regions in the heteroduplexes. DISCUSSION In this paper we have presented a rather detailed structural analysis of two plasmids, pI524 and pI258, which accounts for the observations of recombination-induced duplications and deletions. We showed that these two plasmids differed with respect to the location and orientation of their bla regions: these were inverted with Line drawings illustrate only the bla regions and adjacent DNA. blaa and blay indicate the duplicated bla determinants ofpRN4024, derived from pI524 and pI258, respectively; bla (pI524) and bla (pI258) indicate the pI524 and pI258 regions in the appropriate heteroduplexes. respect to one another, and their respective locations were separated by a short region of homology. It is especially noteworthy that this intervening region contained one copy of a DNA segment that was present as an inverted duplication on p1524, where it serves as the site of the rec-independent reversible inversion that we have previously described for this plasmid (12) . Presumably, this intervening sequence contained a recognition site for the recombination system that was responsible for the reversible inversion and so could serve as a hot spot for interplasmid recombination. The duplications and deletions of the bla determinants that resulted from homologous recombination between these two plasmids were presumably caused by the occurrence of a crossover event in this intervening homologous region. As the frequency of these events seemed to be far greater than would be expected solely on the basis of the relative size of the intervening region, it may be that they were the consequence of the activity of a site-specific recombination system, formally similar to int-promoted recombination at attP in A x A vegetative crosses (32) .
An important consideration in attempting to interpret these results is that of the evolutionary basis for the molecular structures of these two These, including end-specifi'c deletions, inversions, substitutions, and insertions, will be the subject of a separate report (Shalita et al., in preparation). Simnilar types of rearrangements are known to be provoked by insertion sequences and transposable elements, ISJ and TnlO in particular (9, 10, 24, 27) . Our general conclusion from these studies is that transposon-dependent rearrangements are a major source of diversity in the molecular evolution of plasmids and other genomes.
